r Obesity results in perilymphatic inflammation and lymphatic dysfunction. r Lymphatic dysfunction in obesity is characterized by decreased lymphatic vessel density, decreased collecting lymphatic vessel pumping frequency, decreased lymphatic trafficking of immune cells, increased lymphatic vessel leakiness and changes in the gene expression patterns of lymphatic endothelial cells.
Introduction
Recent studies have shown that obesity markedly decreases various measures of lymphatic function. For example, clinical studies have shown that obese individuals have a decreased ability to clear macromolecules from subcutaneous tissues, are at increased risk for developing lymphoedema after lymphatic injury and, in some cases, they may develop lymphoedema spontaneously, even without an inciting injury (Helyer et al. 2010; Greene et al. 2012; Arngrim et al. 2013) . Likewise, experiments in a variety of mouse models of obesity, metabolic syndrome and hypercholesterolaemia have revealed that these pathological states result in leaky lymphatics, impaired pumping of subcutaneous and mesenteric collecting vessels, and abnormal lymph node architecture (Angeli et al. 2004; Lim et al. 2009; Zawieja et al. 2012; Weitman et al. 2013; Blum et al. 2014; Savetsky et al. 2015a) . The finding that mice with congenital abnormalities of the lymphatic system develop adult-onset obesity, as well as histological studies in patients with lymphoedema demonstrating marked accumulation of subcutaneous adipose tissues in the affected extremity, suggest that the relationship between the lymphatic system and obesity is bidirectional (Harvey et al. 2005) .
More recent evidence suggests that obesity-induced lymphatic dysfunction can increase the pathological effects of obesity on other organ systems by regulating leucocyte infiltration and expression of inflammatory cytokines. For example, our group has shown that impaired lymphatic function in obese mice markedly potentiates inflammatory responses in dermatitis (Savetsky et al. 2015a) . Others have shown that lymphatic dysfunction resulting from congenital defects decreases cholesterol transport and increases atherosclerosis in Apolipoprotein E-deficient mice (Angeli et al. 2004) . Finally, a recent study demonstrated that increased expression of vascular endothelial growth factor C (VEGF-C) in the skin regulates macrophage differentiation and contributes to insulin resistance in obese animals (Karaman et al. 2015) .
Although it is known that obesity negatively regulates lymphatic function, it remains unclear whether these changes are reversible with behavioural modifications, such as aerobic exercise or weight loss. These studies are important because they may elucidate a more detailed understanding of the cellular mechanisms that regulate lymphatic dysfunction in obesity and may uncover novel methods to decrease these pathological responses. In the present study, we analysed the effects of aerobic exercise on obesity-induced lymphatic dysfunction based on the rationale that this intervention has previously been shown to decrease chronic inflammation, improve glucose intolerance and decrease endothelial dysfunction in obesity (Holloszy et al. 1986; Bradley et al. 2008; Song et al. 2009; Baynard et al. 2012; Samaan et al. 2014) . Here, we show that aerobic exercise training of high-fat diet (HFD)-induced obese mice results in improved lymphatic function, independent of weight loss, as reflected by a variety of end-point measures. In addition, we found that these changes were correlated with decreased perilymphatic inflammatory cell accumulation and normalization of the isolated lymphatic endothelial cell (LEC) gene expression profile. Taken together, our findings suggest that aerobic exercise is an effective lifestyle intervention that can improve lymphatic function in obesity.
Methods

Ethical approval and animals
All experiments were approved by the IACUC at Memorial Sloan Kettering Cancer Center, and the institution operates under the Animal Welfare Act (AWA) and Health Research Extension Act of 1985. Male C57/BL6J mice (6 weeks old) were purchased from Taconic Biosciences (Hudson, NY, USA) and maintained in a light-and temperature-controlled environment. When performing experiments that required anaesthesia, mice were anaesthetized using isofluorane. To monitor depth of anaesthesia, mice were checked every 15 min throughout the procedure by performing a tail pinch and observing that there was no change in respiratory rate. At the completion of the experiment, mice were killed by carbon dioxide asphyxiation with an increasing concentration of CO 2 , as recommended in the Guidelines on Euthanasia by the American Veterinary Medical Association. The mice were placed under the lid and exposed to 3 l min −1 of CO 2 for 3 min. At the end of the 3 min, the CO 2 was turned off, but the mice were allowed to sit under the lid for an additional 15 min to ensure that they were deceased. Mice were monitored for respiration and heart beat to ensure death. The investigators of this study understand the ethical principles under which this journal operates and verify that our work meets the standards of their animal ethics checklist.
Diet-induced obesity
Male mice (6 weeks old; n = 12) were fed high-fat diet (60% kcal from fat; W.F. Fisher and Son, Inc., Somerville, NJ, USA) ad libitum for 10-12 weeks until reaching an average weight >45 g and were maintained on a HFD for the remainder of the experiment (Nishimura et al. 2009; Weitman et al. 2013) . Control (lean) mice (n = 5) were maintained on a normal chow diet for the entire experiment (13% kcal from fat; Purina Pico Lab Rodent Diet 20; W.F. Fisher and Son, Inc.). Mice were weighed weekly using a digital scale (Satorius, Bradford, MA, USA). In addition, inguinal and reproductive fat pads were harvested after death and weighed using a digital scale (Denver Instrument Company Model 100a, Bohemia, NY, USA).
Exercise protocol
After achieving HFD-induced obesity, animals were randomly assigned to either aerobic exercise or sedentary groups (n = 6 per group). Exercised animals were trained for a total of 6 weeks with a Columbus Instruments 3/6 Treadmill (Columbus Instruments International, Columbus, OH, USA) using a modification of previously described protocols (Samaan et al. 2014) . Briefly, 1 week before initiation of the exercise treatment, the experimental mice underwent treadmill acclimation by placing the animals on the treadmill and starting at a slow rate of 8 m min −1 for 8-10 min. After acclimation, experimental mice underwent exercise on the treadmill for 30 min starting at a speed of 10 m min −1 , 5 days a week. The speed of the treadmill was increased each successive week by 1 m min −1 , with a maximal training speed of 16 m min −1 achieved at the conclusion of the 6 week training period. Control sedentary mice were subjected to sham exercise consisting of similar handling and placement of the animals in the treadmill without activation of the platform.
Analysis of collecting lymphatic pumping frequency
All mice were subjected under general anaesthesia to baseline and postexercise lymphatic function testing using near-infrared (NIR) lymphatic imaging with a modification of previously published techniques (Zhou et al. 2010) . Briefly, 15 μl (0.15 mg ml −1 ) of indocyanine green (ICG; Sigma-Aldrich, St Louis, MO, USA) was injected intradermally into the dorsal hindlimb web space, after which the mouse was allowed to ambulate for 30 min. The mouse was then placed on a heating pad, and lymphatic vessels were visualized using an EVOS EMCCD camera (Life Technologies, Carlsbad, CA, USA) with an LED light source (CoolLED, Andover, UK). A Zeiss V12 Sterolumanar microscope (Caliper Life Sciences, Hopington, MA, USA) was used to obtain video images.
Using Fiji software (NIH, Bethesda, MD, USA), lymphatic vessel pulsations (i.e. pumping frequency) were calculated by finding the dominant collecting lymphatic vessel, drawing a region-of-interest over it, and then subtracting the background intensity of fluorescence. These pulsations were plotted over time.
Immunofluorescent staining of inflammatory cells
For analysis of immunofluorescence, cross-sectional histological sections were harvested from the lower hindlimbs, fixed using cold 4% paraformaldehyde (PFA; Affymetrix, Cleveland, OH, USA), decalcified using 0.5 M EDTA (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and embedded in paraffin. Immunofluorescent staining was performed based on our previously published methods (Avraham et al. 2010) . Briefly, hindlimb tissues were rehydrated followed by antigen retrieval using boiling sodium citrate (Sigma-Aldrich). Tissues sections were blocked using 10% blocking solution for 1 h at room temperature. Sections were incubated over night at 4°C with one or combinations of the following primary antibodies: anti-lymphatic vessel hyaluronan receptor (LYVE-1), anti-CD45, anti-CD4, anti-CD11b (R&D Systems, Minneapolis, MN, USA), anti-inducible nitric oxide synthase (anti-iNOS; Abcam, Cambridge, MA, USA), anti-CD3 (Dako, Carpinteria, CA, USA), anti-B220 (BD Biosciences, San Jose, CA, USA) and anti-perilipin (Fitzgerald, Acton, MA, USA). Sections were washed three times in PBS and incubated with the corresponding fluorescent conjugate secondary antibodies (all from Life Technologies, Grand Island, NY, USA) for 5 h at room temperature. Sections were then washed, and slides were mounted using Mowiol (Sigma-Aldrich).
After staining, slides were scanned with a Mirax slide scanner (Zeiss, Munich, Germany). Analysis of tissue staining was performed using Pannoramic Viewer (3DHistech, Budapest, Hungary). LYVE-1 + vessel counts and pSMAD3 expression were analysed using ×20 magnification by two blinded reviewers in a minimum of three high-power fields per animal. To analyse perilymphatic inflammation and iNOS expression, the number of inflammatory cells and iNOS + cells within a 50 μm radius of lymphatic vessels was counted by two blinded reviewers in a minimum of four quadrants per animal. Pannoramic Viewer was also used to calculate lymph node area. Lymph nodes were analysed using Metamorph software to calculate the percentage of chemokine (C-C motif) ligand 21 (CCL21) positive cells. Lymph node size was calculated using Pannoramic software.
Inflammatory cytokine analysis in sedentary obese and exercised obese mice
Cytokine analysis was performed on hindlimb skin/subcutaneous tissue and serum harvested from J Physiol 594.15 mice in each group. Briefly, hindlimb skin protein was separated from the bone and muscle, flash frozen in liquid nitrogen, homogenized using a mortar and pestle, and extracted using a 100:1:1 mixture of tissue extraction protein reagent (ThermoFisher Scientific, Waltham, MA, USA), phosphatase inhibitor and protease inhibitor (Sigma-Aldrich). Samples were centrifuged at 16,060 g for 10 min, and the supernatant was collected for protein analysis. For serum collection, under terminal general anaesthesia blood was collected by cardiac puncture into serum separator tubes (BD Microtainer, Franklin Lakes, NJ, USA) and spun at 16,060 g for 10 min. The supernatant was collected for serum analysis. Protein concentrations were measured via Bradford protein quantification. Cytokine protein analysis (n = 5 or 6 animals per group) was performed by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's protocol (eBioscience, San Diego, CA, USA) for interferon-γ (IFN-γ), transforming growth factor-β1 (TGF-β), interleukin-1β (IL-1β) and tumour necrosis factor-α (TNF-α). All experiments were run in duplicate.
Analysis of lymphatic morphology and leakiness
Examination of initial and collecting vessel morphology and leakiness was performed under general anaesthesia using ear whole mounts after injection of Evans Blue or tomato lectin as previously described (Savetsky et al. 2015a) . Briefly, 2 μl of Evans Blue dye (1% w/v; Sigma-Aldrich) was injected into the anterior apex of the ear, and lymphatic vessels were visualized 1 min later. In other animals, we injected 3 μl of tomato lectin (1 mg ml −1 ; Sigma-Aldrich) into the apex of the ear on the anterior surface and then harvested the ears 10 min later. Ears were fixed in 4% paraformaldehyde. Non-specific binding was blocked with 12% bovine serum albumin, followed by incubation with primary antibody and visualization with florescent secondary antibodies. The primary antibodies used were anti-podoplanin, anti-α-smooth muscle actin and DAPI. Staining was visualized using a Leica SP5-U confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA) with Zeiss Zen 2010 software (Carl Zeiss, Jena, Germany), and Z-stacked confocal images were analysed using Imaris version 7.2.3 software (Bitplane, Zurich, Switzerland).
Dendritic cell trafficking to regional lymph nodes
Dendritic cell migration via the lymphatic vessels was assessed under general anaesthesia using a modification of previously reported methods (Wendland et al. 2011) . Briefly, 8% fluorescein isothiocyanate (FITC, 5 mg ml −1 ; type I isomer; Sigma-Aldrich) was diluted in a 1:1 mixture of acetone and dibutylphthalate (Sigma-Aldrich). Twenty microlitres of the FITC solution was painted on both sides of the mouse's ear. After 18 h, the mice were killed and the draining cervical lymph nodes collected for analysis. Lymph nodes were digested to obtain single-cell suspensions and migrating dendritic cells and were identified using flow cytometry (Fortesa flow cytometer; BD Biosciences, San Diego, CA, USA) gating for FITC + /CDllc + cells.
Lymphatic endothelial cell isolation and gene expression analysis with qRT-PCR
Lymphatic endothelial cells were isolated from lean, sedentary obese and exercised obese animals as previously reported (Vigl et al. 2011) . Briefly, mice underwent depilation and 2 cm × 3 cm pieces of abdominal and back skin were harvested post-mortem, finely diced into small pieces, and digested for 45 min using a 0.4% collagenase IV digestion buffer (collagenase IV; MP Biomedicals, Solon, OH, USA). The digested tissue was then filtered through a 100 μm nylon cell strainer, resuspended with digestion buffer, and then filtered through a 70 μm nylon cell strainer to produce a single-cell suspension. Lymphatic endothelial cell isolation was performed using flow cytometric cell sorting (BD Biosciences, Aria 5, San Jose, CA, USA) with fluorophore-conjugated monoclonal antibodies (EBioscience, San Diego, CA, USA). Lymphatic endothelial cells were gated as CD45 negative, CD31 positive, podoplanin positive and were collected into TRIzol (Invitrogen, Life Technologies, Carlsbad, CA, USA). RNA extraction from the sorted LECs was performed according to the TRIzol manufacturer's recommendations. The isolated RNA was converted into cDNA using a TaqMan reverse transcriptase kit (Roche, Branchburg, NJ, USA). Quantitative real-time PCR (qRT-PCR; ViiA7; Life Technologies, Carlsbad, CA, USA) analysis was performed using LEC specific primers, vascular endothelial growth factor receptor 3 (VEGFR-3), Prox1 and CCL21 (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). All samples were run in triplicate, and gene expression was normalized relative to GAPDH.
Statistical analysis
Statistical analysis was performed using GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA). Values are presented as means ± SD (unless otherwise noted), and P < 0.05 was considered significant. We compared differences between two groups using Student's paired t test. One-way ANOVA with post hoc Tukey-Kramer tests were used to compare multiple groups and analyse differences within each comparison.
Results
Aerobic treadmill exercise does not result in weight loss
Obese mice subjected to the exercise protocol tolerated training well, with no adverse events. In addition, consistent with previous studies (Samaan et al. 2014) , we found that exercised obese animals continued to gain weight in a similar manner to the sedentary group, presumably as a result of increased food intake (n = 5 or 6; Fig. 1A ). Exercise had no effect on subcutaneous (inguinal fat pad) or visceral (epididymal fat pad) adipose tissue deposition either as a change in tissue weight or as a function of individual fat pad weight divided by the total body weight (n = 5 or 6, n.s.; Fig. 1B-D) . Similar findings were observed in histological sections of the ear (a tissue that was used in the remainder of the study to analyse structural changes in the lymphatic system), with nearly identical patterns of subcutaneous tissue adipose deposition in exercised and sedentary obese mice (n = 5 or 6; Fig. 1E ).
Aerobic exercise improves collecting lymphatic vessel pumping in obesity
Sedentary obese mice had a marked decrease (3.1-fold) in collecting lymphatic vessel pumping frequency (n = 5 or 6, P < 0.001; Fig. 2A and B) compared with lean control animals. In contrast, exercised obese mice had significantly improved lymphatic function (more Treadmill training results in aerobic exercise independent of weight loss A, weight changes over time in lean mice (fed a normal chow diet throughout the course of the study), sedentary obese (sham exercise) and exercised obese animals (both fed a high-fat diet throughout the course of the study; n = 5 or 6 animals per group). B, representative gross photograph of subcutaneous (inguinal) and visceral (epididimal) fat pads in lean, sedentary obese and exercised obese mice (n = 5 or 6 animals per group). C, quantification of subcutaneous and visceral fat pad weights in lean, sedentary obese and exercised obese mice (n = 5 or 6 animals per group; Student's paired t test: n.s.). D, quantification of subcutaneous and visceral fat pad weights in relationship to total body weight in lean, sedentary obese and exercised obese mice (n = 5 or 6 animals per group; Student's paired t test: n.s.). E, representative photomicrograph of ear tissues from lean, sedentary obese and exercised obese mice stained with perilipin (red) and DAPI (blue). J Physiol 594.15 than twofold increase in lymphatic pumping frequency) compared with sedentary obese mice (P < 0.05; Fig. 2A and B).
We next analysed changes in inflammatory cell accumulation within a 50 μm radius of lymphatic vessels by co-localizing lymphatics (LYVE-1 + ) with a pan-leucocyte marker (CD45 + ). This analysis demonstrated a marked increase (5.8-fold) in the number of perilymphatic inflammatory cells in sedentary obese mice compared with lean mice (n = 20-24, P < 0.0001; Fig. 2C and D) . Exercise significantly decreased (but did not completely normalize) this effect, reducing the number of perilymphatic inflammatory cells by 1.6-fold, as compared with sedentary obese mice (P < 0.05; Fig. 2C and D).
We next examined whether aerobic exercise improves collecting lymphatic pumping frequency by decreasing perilymphatic expression of iNOS, an important 
. Aerobic exercise improves collecting lymphatic vessel pumping in obesity
A, representative line graphs demonstrating changes in light intensity (in arbitrary units), which corresponds to hindlimb collecting lymphatic packet frequency (pumping) in lean, sedentary obese and exercised obese groups (n = 5 or 6 animals per group). B, quantification of hindlimb collecting lymphatic packet frequency (pumping) in experimental groups (n = 5 or 6 animals per group; Student's paired t test: lean vs. sedentary P = 0.0006, sedentary vs. exercise P = 0.0365). C, representative photomicrographs of hindlimb skin immunofluorescent staining localizing leucocytes (CD45 + cells; red), lymphatic vessels (LYVE-1 + ; green) and nuclei (DAPI; blue). Note perilymphatic accumulation of CD45 + cells in sedentary obese mice and partial resolution in exercised obese mice. D, quantification of perilymphatic CD45 + cells (located within a 50 μm radius of lymphatic vessels) in various experimental groups [n = 5 or 6 animals, with 4 high-power fields (h.p.f.) per animal; Student's paired t test: lean vs. sedentary P = < 0.0001, sedentary vs. exercise P = 0.0159]. E, representative photomicrographs of hindlimb skin immunofluorescent staining localizing iNOS + cells (red), lymphatic vessels (LYVE-1 + ; green) and nuclei (DAPI; blue). Note perilymphatic accumulation of iNOS + cells in sedentary obese mice and partial resolution in exercised obese mice. F, quantification of perilymphatic iNOS + cells (located within a 50 μm radius of lymphatic vessels) in various experimental groups (n = 5 or 6 animals with 4 h.p.f. per animal; Student's paired t test: lean vs. sedentary P = < 0.0001, sedentary vs. exercise P = 0.0346).
regulator of lymphatic pumping (Liao et al. 2011) . Indeed, consistent with our findings demonstrating an accumulation of perilymphatic inflammatory cells, we also noted a marked increase in the number of perilymphatic iNOS + cells (2.2-fold) in sedentary obese mice compared with lean control animals (n = 20-24, P < 0.0001; Fig. 2E and F) . This effect was partly reversed in exercised obese mice (1.3-fold decrease in the number of perilymphatic iNOS + cells compared with sedentary obese control animals, P < 0.05; Fig. 2E and F) .
In order to characterize perilymphatic inflammatory changes in obesity better, we co-localized T cells (CD3 + ) and macrophages (CD11b + ) with lymphatic vessels (LYVE-1 + ) in mouse hindlimb tissues. This analysis demonstrated that sedentary obese mice had markedly increased numbers of perilymphatic T cells (53-fold) and, to a lesser degree, macrophages (2.3-fold) compared with lean mice (n = 20-24, P < 0.0001 and P < 0.0001, respectively; Fig. 3A and B) . Interestingly, we also noted a modest though significant decrease in cutaneous lymphatic LYVE-1 + vessel density in sedentary obese mice (1.3-fold) compared with lean animals (n = 20-24, P < 0.05; Fig. 3C ). Aerobic exercise markedly decreased these responses, reducing the number of perilymphatic T cells (2.2-fold decrease) and macrophages (1.6-fold decrease) and increasing lymphatic vessel density (1.2-fold increase) when compared with sedentary obese control animals (P < 0.0001, P < 0.05 and P < 0.05, respectively; Fig. 3A-C) .
Aerobic exercise decreases expression of anti-lymphangiogenic molecules
We next sought to determine whether the obesityassociated reduction in lymphatic vessel density was correlated with increased expression of antilymphangiogenic molecules. Consistent with this hypothesis, we found significant increases in the expression of TNF-α (6.3-fold), INF-γ (2.7-fold), nd interleukin-1β (threefold) in skin/subcutaneous tissues harvested from sedentary obese mice compared with lean control animals (n = 5 or 6, P < 0.05, P < 0.01 and P < 0.05, respectively; Fig. 4A-C) . Likewise, sedentary obese mice had markedly increased expression of TGF-β1 and its downstream mediator, phosphorylated SMAD3 (pSMAD3), in tissues harvested from the hindlimb (n = 20-24, P < 0.0001; Fig. 4D and E and not shown). Consistent with these findings, we noted a significant increase in serum TGF-β1 expression (3.2-fold) in sedentary obese mice compared with lean control 
. Aerobic exercise decreases expression of anti-lymphangiogenic molecules
A, enzyme-linked immunosorbent assay (ELISA) for tumour necrosis factor-α (TNF-α) expression in hindlimb tissues from lean, sedentary obese and exercised obese mice (n = 5 or 6 animals per group; one-way ANOVA: lean vs. sedentary P = 0.0116, lean vs. exercise n.s.). B, ELISA for interferon-γ (IFN-γ ) expression in hindlimb tissues of mice from various experimental groups (n = 5 or 6 animals per group; one-way ANOVA: lean vs. sedentary P = 0.0078, lean vs. exercise n.s.). C, ELISA for interleukin-1β (IL-1β) expression in hindlimb tissues of mice from various experimental groups (n = 5 or 6 animals per group; one-way ANOVA: lean vs. sedentary P = 0.0427 and lean vs. exercise n.s.). D, representative photomicrographs of immunofluorescent staining for phosphorylated SMAD3 (pSMAD + ; red), lymphatic vessels (LYVE-1 + ; green) and nuclei (DAPI; blue) in various experimental groups. E, quantification of perilymphatic pSMAD3 + cells in various experimental groups (n = 5 or 6 animals, with 4 h.p.f. per animal; Student's paired t test: lean vs. sedentary P < 0.0001, sedentary vs. exercise P < 0.0001). F, ELISA for serum transforming growth factor-β1 (TGF-β1) in various experimental groups (n = 5 or 6 animals per group; Student's paired t test: lean vs. sedentary P < 0.0001, sedentary vs. exercise P = 0.0015).
animals (n = 5 or 6, P < 0.0001; Fig. 4F ). More importantly, we found that, compared with sedentary obese mice, exercised obese mice had markedly decreased skin and subcutaneous tissue expression of TNF-α, IFN-γ and pSMAD3, as well as decreased serum levels of TGF-β, suggesting that improvements in lymphatic function and normalization in lymphatic vessel density in aerobic exercise mice are regulated, at least in part, by decreased expression of anti-lymphangiogenic forces (n.s., n.s., P < 0.0001 and P < 0.005, respectively; Fig. 4A-F) .
Exercise decreases lymphatic leakiness and improves migration of dendritic cells in obesity
We next analysed lymphatic vessel leakiness in the ear with Evans Blue lymphangiography and found that sedentary obese mice had markedly abnormal Evans Blue lymphatic uptake by ear lymphatics compared with lean control animals (n = 3; Fig. 5A ). These changes were characterized by impaired uptake of dye by the lymphatics, as well as punctate areas of dye leakage (marked by red arrowheads) after uptake distal to the site of injection (white dotted circle). Aerobic exercise in obese mice resulted in marked improvements in lymphatic uptake of Evans Blue, with expansion of the functional lymphatic vessel network and visibly reduced punctate areas of dye leakage compared with sedentary obese mice (Fig. 5A ).
Our observations with Evans Blue lymphangiography were confirmed with lymphatic uptake of FITCconjugated tomato lectin in whole mounts of the ear (n = 3; Fig. 5B ). In this analysis, lean mice exhibited rapid uptake of dye within lymphatic vessels, with no visible leakage of dye into the interstitial space. In contrast, sedentary obese mice showed several leaky spots, with marked extravasation of dye in the interstitial space surrounding the lymphatics. Interestingly, this effect was significantly decreased in exercised obese mice (Fig. 5B) .
In order to measure migration of dendritic cells (DCs) from peripheral tissue to regional draining lymph nodes quantitatively, we performed FITC painting assays on the ear skin of mice and quantified the number of FITC + DCs that migrated to the draining deep cervical lymph nodes using flow cytometry. We found that sedentary obese mice displayed markedly impaired migration of DCs (2.4-fold decrease) from the ear to the cervical lymph nodes (n = 3, P < 0.005; Fig. 5C and D) . Furthermore, aerobic exercise significantly improved these deficits in obese mice and increased DC migration to the cervical lymph nodes (1.8-fold) compared with sedentary obese mice (P < 0.005; Fig. 5C and D) .
Analysis of subcutaneous lymph nodes demonstrated that sedentary obese mice had significantly smaller popliteal lymph nodes compared with both lean and exercised obese mice. Additionally, sedentary obese mice, but not exercised obese mice, had loss of B cell follicular structure and distortion of T cell zones in the paracortex (n = 8, P < 0.05 and P < 0.0001, respectively; Fig. 6A  upper panel and B) . Consistent with these results, we also noted that the expression of CCL21 within lymph node paracortex was markedly downregulated in sedentary obese mice compared with lean control animals (n = 4, P < 0.005; Fig. 6A lower panel and C) . In contrast, exercised obese mice had preserved expression of CCL21 within the lymph node paracortex, similar to the popliteal lymph nodes in lean mice (Fig. 6A lower panel and C) .
Obesity regulates lymphatic endothelial cell gene expression
In order to determine how obesity and exercise modify LEC gene expression, we performed qRT-PCR on RNA extracted from cell-sorted LECs. This analysis revealed a markedly decreased expression of VEGFR-3 (2.5-fold), Prox1 (1.6-fold) and CCL21 (threefold) in sedentary obese mouse LECs compared with those from lean control animals (n = 5 or 6, P < 0.005 for all groups; Fig. 6D ). More interestingly, we found that these changes were reversed in exercised obese animals, resulting in a significantly increased expression of VEGFR-3 (2.2-fold), Prox1 (1.2-fold) and CCL21 (2.1-fold), compared with LECs harvested from sedentary obese mice (P < 0.005, P < 0.05 and P < 0.005, respectively; Fig. 6D ). These gene expression changes were also reflected at the protein level in histological sections of hindlimb skin tissues, in which we noted markedly decreased VEGFR-3 and CCL21 expression in lymphatic vessels of sedentary obese but not exercised obese mice (n = 5 or 6; Fig. 6E ).
Discussion
In this study, we have shown that obesity markedly impairs lymphatic function by decreasing the pumping frequency of collecting lymphatics, decreasing lymphatic vessel density, increasing lymphatic leakiness and altering LEC gene expression of lymphatic markers. More importantly, we have shown that this phenotype is partly reversible by aerobic exercise, independent of weight loss, suggesting that behavioural modifications may represent a viable means of treating obesity-induced lymphatic dysfunction clinically. Identifying treatments that decrease obesity-induced lymphatic dysfunction is important because recent studies have shown that abnormalities in the lymphatic system can amplify the pathology of obesity in a variety of settings. For example, our group has recently shown that obesity-induced lymphatic dysfunction significantly contributes to contact hypersensitivity and dermatitis in obesity (Savetsky et al. 2015a) . Others have shown that lymphatic defects increase atherosclerosis and plaque deposition in hypercholesterolaemic mice and that the lymphatic system plays a key role in the regulation of reverse cholesterol transport (Randolph & Miller, 2014; Vuorio et al. 2014) . Finally, changes in expression of VEGF-C have been shown to modulate macrophage differentiation and, in turn, regulate glucose sensitivity (Karaman et al. 2015) .
Consistent with previously reported studies (Samaan et al. 2014) , we found that a modified aerobic exercise protocol resulted in aerobic conditioning without concomitant weight loss. This experimental approach enabled us to study the effects of exercise, independent of dietary changes or alterations in subcutaneous or visceral adipose tissue deposition. Our exercised obese mice demonstrated clear improvements in lymphatic function despite continued weight gain, as well as no appreciable architectural changes in adipose tissue deposition throughout the course of the study. This suggests that obesity-induced lymphatic dysfunction results from autocrine or paracrine responses to obesity, rather than direct injury to the lymphatic system from dietary toxins or compression of lymphatic vessels by increasing adipose deposition. This hypothesis is supported by previous studies demonstrating that exercised animals have decreased inflammatory responses without concomitant weight loss and despite increased caloric intake (Samaan et al. 2014 ). Our hypothesis is additionally supported by other groups who demonstrated that chronic inflammation and adipokines impair lymphatic function even in lean animals (Liao et al. 2011; Cromer et al. 2014) .
Using NIR lymphangiography, we found that obesity significantly decreases lymphatic collecting vessel pumping frequency and that this response is partly reversed by exercise. Our study also suggests that this response is related to perilymphatic accumulation of inflammatory cells and increased expression of iNOS, because exercise markedly decreased these responses in obese mice. Our findings are consistent with previous studies demonstrating that obesity results in chronic, low-grade inflammation in a variety of tissues, including subcutaneous and mesenteric fat, as well as perivascular accumulation of leucocytes in medium and large blood vessels (Nieman et al. 1999; Womack et al. 2007) . Accumulation of inflammatory cells around blood vessels causes vascular endothelial cell dysfunction and coronary artery disease by release of reactive oxygen species, changes in expression patterns of adipokines and alterations in nitric oxide signalling (Greenstein et al. 2009; Ketonen et al. 2010; Cao, 2014) . Thus, perilymphatic inflammation may likewise impair lymphatic function by activating a variety of pathological mechanisms, including direct injury to LECs and changes in NO levels. This hypothesis is supported by our PCR findings demonstrating significant changes in LEC gene expression . D, semi-quantitative PCR in cell-sorted, isolated lymphatic endothelial cells harvested from the back and hindlimb skin of mice from various experimental groups. Note the significant decrease in expression of VEGFR-3, Prox1 and CCL21 in sedentary obese mice compared with lean control animals and the significant improvement in exercised obese mice (n = 5 or 6 animals per group; * P < 0.0005 and # P < 0.05). E, representative high-powered photomicrographs co-localizing nuclei (DAPI), VEGFR-3 (white; upper panels) or CCL21 (white; lower panels) and LYVE-1 (red) in hindlimb skin harvested from mice in various experimental groups (n = 5 or 6 animals per group).
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of lymphatic markers, including VEGFR-3, Prox1 and CCL21. In addition, our theory is corroborated by previous studies demonstrating that expression of iNOS by inflammatory cells impairs collecting vessel pumping capacity by producing large amounts of NO, which disrupt endogenous gradients (Aktan 2004; Liao et al. 2011) . Likewise, other reports using NIR lymphangiography have shown that inflammatory cytokines, including IL-1β, decrease lymphatic pumping by activating iNOS (Aldrich & Sevick-Muraca, 2013) . Our findings are also in agreement with previous studies demonstrating increased expression of iNOS in skeletal muscle and adipose tissues of HFD-fed mice and genetically obese (ob/ob) mice (Perreault & Marette, 2001; Sugita et al. 2005) . Taken together, our data suggest that perilymphatic accumulation of inflammatory cells and expression of iNOS play a key role in the regulation of obesity-related lymphatic dysfunction and that interventions designed to alter this response may improve lymphatic pumping capacity.
A key finding of our study was that aerobic exercise markedly decreases perilymphatic accumulation inflammatory cells (T cells and macrophages) and decreases local and systemic expression of inflammatory cytokines. These findings are in line with previous clinical and experimental studies that used a variety of models of obesity to demonstrate that exercise training significantly decreases white adipose macrophage infiltration, inflammation in skeletal muscles and release of inflammatory cytokines (Bruun et al. 2006; Baynard et al. 2012; Samaan et al. 2014) . Other studies have shown that aerobic exercise decreases expression of TNF-α and inhibitor of nuclear factor κβ in pregonadal and mesenteric fat pads, as well as iNOS in skeletal muscle (Bradley et al. 2008; Song et al. 2009 ). Taken together, our findings suggest that anti-inflammatory responses in exercise play a key role in diminishing obesity-induced lymphatic dysfunction. This hypothesis is supported by our previous studies demonstrating that obese mice with genetic absence of T and B cells (Rag mice) have improved lymphatic transport of macromolecules, normal lymphatic vessel density and increased dendritic cell migration to regional lymph nodes, in comparison to obese wild-type mice (Weitman et al. 2013) .
We found that obesity significantly decreases the number of dermal lymphatics and that this response is ameliorated by aerobic exercise. Consistent with this observation, we noted that LECs isolated from sedentary obese mice have significantly decreased expression of VEGFR-3 and Prox1. These findings are important because VEGFR-3 stimulation and Prox1 expression are necessary for maintenance of lymphatic phenotype, cellular proliferation and protection from apoptosis (Dumont et al. 1998; Wigle et al. 2002; Coso et al. 2014) . Our study also suggests that changes in lymphatic vessel density are not simply related to alterations in adipose tissue architecture, because our exercise protocol had no effect on adipose tissue deposition but restored lymphatic vascular density to lean levels. Finally, recent studies have shown that lymphangiogenesis is regulated by a co-ordinated expression of pro-and anti-lymphangiogenic cytokines (Kataru et al. 2011; Zampell et al. 2012a) . Therefore, our findings, when taken in the context of recent reports demonstrating that the expression of VEGF-C is markedly increased in obese animals and patients (Karaman et al. 2015; Savetsky et al. 2015a) , suggest that deficits in lymphatic vascular density are not related to decreased levels of lymphangiogenic cytokines. Instead, changes in lymphatic vascular density in sedentary obese mice may be related to increased expression of T cell-derived anti-lymphangiogenic cytokines, including TNF-α, IFN-γ and TGF-β1 (Shao & Liu, 2006; Clavin et al. 2008; Oka et al. 2008; Kataru et al. 2011) . This hypothesis is supported by recent studies demonstrating that anti-lymphangiogenic cytokine expression is increased in chronic inflammatory responses and that these forces can modulate the effects of lymphangiogenic growth factors, including VEGF-C, VEGF-A and hepatocyte growth factor (Zampell et al. 2012b; Shin et al. 2015; Savetsky et al. 2015b) . These effects may be compounded in sedentary obese mice by decreased LEC expression of VEGFR-3, thus making lymphatic vessels of obese mice less responsive to lymphangiogenic signals. Clearly, these questions require additional study but will be an important step in understanding obesity-induced lymphatic pathology.
Using Evans Blue microlymphangiography, as well as whole mount staining after injection of tomato lectin, we found that sedentary obese mice had markedly increased lymphatic leakiness and that exercise partly restored this phenotype. This observation is reinforced by previous studies demonstrating that obesity and hypercholesterolaemia increase lymphatic vessel leakiness (Lim et al. 2009; Kuan et al. 2015; Savetsky et al. 2015a) , as well as studies reporting that dietary fatty acids increase LEC permeability (Sawane et al. 2013) . Although the specific cellular mechanisms that regulate lymphatic leakiness in obesity remain unclear, our findings suggest that perilymphatic accumulation of inflammatory cells, increased production of inflammatory cytokines (e.g. IFN-γ and TNF-α) and increased expression of iNOS contribute to this phenotype. This hypothesis is supported by previous studies demonstrating that inflammatory cytokines, including IL-1β, TNF-α, interleukin-6 and INF-γ, as well as increased production of NO, enhance permeability of intact murine lymphatic collectors and monolayers of LECs and decrease VE-cadherin expression in vitro (Cromer et al. 2014; Scallan et al. 2015) . In addition, other studies have shown that NO can be converted to peroxynitrite, a reactive oxygen species, leading to lipoperoxidation and a breakdown of cell membranes (Thangaswamy et al. 2012) . This pathological effect may be particularly important to LECs, because these cells have been shown to be highly susceptible to oxidative stress (Kasuya et al. 2014) . Based on the aforementioned data, it is likely that obesity-induced lymphatic defects result from multiple insults and that inflammation plays a central role in this process.
In addition to fluid uptake and transport, another major function of the lymphatic system is to transport immune cells from peripheral tissues to regional lymph nodes. This is an active process that necessitates expression of gradients of chemokines on lymphatic endothelial cells [chemokine (C-C motif) ligand 19 and 21; CCL21 and CCL19] and cognate receptors [chemokine (C-C motif) receptor 7; CCR7] on DCs (Gunn et al. 1998; Förster et al. 1999; MartIn-Fontecha et al. 2003) . Mirroring our previous reports, we found that sedentary but not exercised obese mice had markedly impaired migration of DCs to regional lymph nodes, decreased expression of CCL21 in LECs and lymph nodes, and marked abnormalities in lymph node architecture (Weitman et al. 2013) . Our findings are supported by other studies, which showed that HFD-fed mice have decreased T cell populations and smaller mesenteric lymph nodes in comparison to lean mice maintained on a low-fat diet (Kim et al. 2008) , as well as other studies demonstrating that obese mice have impaired T cell recall responses (Savetsky et al. 2015a ). In addition, it is known that expression of CCL21 in the lymph node paracortex is regulated by lymphatic flow and that these expression patterns, in turn, regulate T cell distribution within the lymph node (Tomei et al. 2009; Thomas et al. 2012; Denton et al. 2014) . These findings are also supported by experiments on K14-VEGFR3-Ig mice demonstrating that decreased lymphatic transport attributable to hypoplastic dermal lymphatics markedly decreases lymph node size, causes loss of B cell follicular patterns and alters expression patterns of CCL21 (Thomas et al. 2012) . Indeed, it is likely that changes in CCL21 expression also regulate the abnormalities in DC trafficking noted in our study, given the central role of this chemokine in regulating immune cell trafficking. These studies have shown that high-level expression of CCL21 by LECs guides DCs to regional lymphatics, followed by migration to regional lymph nodes (Ohl et al. 2004; Johnson & Jackson, 2010) . Thus, it is possible that changes in gradients of CCL21 expression in obese mice cause 'trapping' of DCs in tissues. This hypothesis is supported by our previous data demonstrating that the expression of CCL21 in tissues isolated from sedentary obese mice is increased and the observation from the present study that the expression of CCL21 by isolated LECs is decreased.
In conclusion, in the present study we showed that aerobic exercise, independent of weight loss, can reverse obesity-related lymphatic dysfunction. Following exercise, we observed markedly increased lymphatic vessel packet frequency, decreased vessel permeability, increased migration of dendritic cells and increased expression of lymphatic endothelial cell markers. These results were correlated with a decrease in perilymphatic inflammation, decreased local and systemic levels of inflammatory cytokines and decreased perilymphatic iNOS. We also observed improved lymph node architecture, enhanced CCL21 expression and an increase in lymph node size back to baseline. This study suggests that implementation of aerobic exercise in the setting of obesity can improve lymphatic function and may limit some of the pathological consequences of obesity.
